Introduction
Several histones have been detected in mammalian testes and testis-specific variants are specifically and highly expressed during spermatogenesis (1) (2) (3) . Testis-specific histones (H1t, TH2A, TH2B, and H3t) are related to dynamic chromatin remodeling during the histone-totransitional protein stage as well as their functional roles, such as fertility (1) (2) (3) . For example, our recent study indicated that the lack of Th2a and Th2b encoding TH2A and TH2B, respectively, resulted in sterility in male mice, and the loss of TH2A and TH2B was linked with cohesion release and histone replacement during spermatogenesis (4) . Additionally, linker testis-specific histone H1t revealed that there was no influence on male mice fertility (5) . There is some evidence that testisspecific histone H1t and H3t are linked with chromatin remodeling during spermatogenesis, but further research to investigate the relationship with testis-specific histone variants such as H3t is still needed (3) .
Studies for characterization of testis-specific histones are essential to trace epigenetic activities of histone variants. Some studies on the characterization of individual testis-specific histones during spermatogenesis have been reported. Lu et al. discovered the mass value for TH2B from mice as well as those for different TH2B post-translational modifications (PTMs) present during spermatogenesis using Liquid chromatography (LC)-mass spectrometry (MS) with trypsin digestion (6) . Additionally, studies have reported that LC-MS enabled characterization of TH2B expression patterns during mouse spermatogenesis (4,7). However, research
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involving MS-based characterization of histone variants in mouse testes is limited in comparison to functional studies. The elucidation of comprehensive analytical approaches for functional research into testis-specific histone variants is imperative. MS-based proteomic analysis has become a universal and powerful tool enabling the characterization of peptides and proteins. This method has conventionally relied upon a bottom-up strategy due to its excellent sensitivity. However, the digestion processes associated with active enzymes hinder extensive characterization of intact proteins, resulting in the loss of significant information pertaining to the sequencing of histone proteins due to the availability of only extremely short peptide sequences. For this reason, a top-down technique that enables characterization of intact proteins is used (8) (9) (10) (11) . LC in top-down strategies is generally utilized for the separation of intact proteins using reversed phase (RP) columns (C4, C8, and C18). In particular, columns designed for shorter alkyl groups are traditionally used in top-down approaches due to the intensive nature of the recovery techniques (8, 10) . Improvements in methods addressing the technical and structural challenges for relationships to intact-protein separation are feasible and necessary for the development of analytical sensitivity in columns (10, 12) . Likewise, ion-pairing reagents, such as trifluoroacetic acid (TFA), pentafluoropropionic acid, and heptafluorobutyric acid (HFBA), are useful in reducing the hydrophilicity of proteins and peptides through interactions with anions, resulting in enhanced resolution of RP columns. Shibue et al. reported that the efficiency of peptide separation was enhanced by strengthening the hydrophobicity of the reagent. Specifically, HFBA showed the most sensitive and intensive signals in results from RP chromatography when compared with other ionpairing reagents (13) .
Here, we report the comprehensive characterization of histone variants in mouse testes by MS-based proteomic analysis. The separation of histone variants in the mouse testis was performed by HPLC on the RPcolumn with HFBA as ion-pairing reagent. The topdown characterization of intact histone variants in the mouse testis was performed by LC-MS. Masses of separated histone variants and their expected PTMs were calculated by deconvolution based on the database. TH2A, TH2B and H3t were characterized by MS/MS fragmentation.
Materials and Methods

Materials
Trichloroacetic acid (TCA), hydrochloric acid (HCl), potassium chloride (KCl) magnesium acetate (Mg(CH 3 COO) 2 ) and dithiothreitol (DTT) were purchased from Wako Pure Chemicals (Osaka, Japan). 
Extraction of histones from mouse testes
Mouse (BALB/c) testes combined with epididymides were purchased from Funakoshi Co. (Tokyo, Japan), and were homogeniged following separation. Whole histones in testis and epididymis were extracted using the TCAprecipitation method with minor modifications (14) . In brief, all steps were carried out at 4°C. Testis (49.1 mg) and epididymis (50.4 mg) were suspended in hypertonic lysis buffer [10 mM Tris-Cl (pH 8.0), containing 1 mM KCl, 1.5 mM Mg(CH 3 COO) 2 , 1 mM DTT, and protease inhibitors] and then incubated for 30 min. Lysed cells were pelleted by centrifugation at 10,000× g for 10 min, re-suspended in 0.4 N H 2 SO 4 , and incubated for 30 min. To collect the supernatant containing histones, the nuclear debris in these samples was purified by centrifugation at 16,000× g for 10 min and the supernatant was precipitated by TCA and incubated for 30 min. The precipitated samples were pelleted by centrifugation at 16,000 × g for 10 min. After washing with acetone and drying at room temperature, samples were mixed with 100 μL MilliQ water.
Separation of histone variants
Histones, including testis histones, were separated by an Agilent 1100 series HPLC (Agilent Technologies, Snata Clara, CA, USA) using a WP300 C4 column (2.0 mm × 15.0 mm, 3-µm particle size; GL sciences, Tokyo, Japan) at room temperature. A 20-µL sample was injected and detected at a UV wavelength of 215 nm. HFBA was used as an ion-pairing reagent. The mobile phase A (5% acetonitrile with 0.1% HFBA) and B (90% acetonitrile with 0.1% HFBA) were delivered at a flow rate of 0.1 mL/min using the following gradient parameters: 0 min (to 5 min, 15% solvent B); 5 min (to 15 min, 15-48% solvent B); 15 min (to 25 min, 48% solvent B); 25 min (to 100 min, 48-62% solvent B); 100 min (to 120 min, 62-100% solvent B); 120 min (to 130 min, 100% solvent B); 130 min (to 135 min, 100-15% solvent B); 135 min (to 145 min, 15% solvent B). The fraction collector (Gilson, Middleton, WI, USA) was programmed to collect fractions at 1-min intervals from 30 min to 116 min.
Top-down analysis
Separated histones were analyzed by a Q-Exactive mass spectrometer (Thermo-Fisher Scientific, Bremen, Germany) using a linear gradient of 0-100% solvent TH2B and H3t were manually characterized. The mass values of histone variants with their modifications from MS spectra were calculated by deconvolution software (Protein deconvolution version 3.0, ThermoFisher Scientific, Bremen, Germany) with the following conditions; a resolution of 35,000 in the range of 400-2,000 m/z (at 400 m/z) and S/N threshold of 3. Figure 1 shows chromatograms of separated histones from mouse testis and epididymis. Several histones were separated from the sample on the WP300 C4 column using HFBA as an ion-pairing reagent. Separated fractions were identified by PMF in advance and data was searched against a protein database search (NCBInr) using the MASCOT search engine (Supplementary Table 1 , see Supporting Information, http://www.biosciencetrends. com/docindex.php?year=2016&kanno=5). Here, we successfully separated each histone from the mouse testis and epididymis using an RP column with HFBA. We observed testis-specific histones in mouse testis; however, their concentrations were undetectable in the epididymis (Figure 1 ). Some somatic histone variants were increased in the epididymis. Specifically, signals denoting H2B and H3.2 remarkably increased in the epididymis as compared with the deficient levels of TH2B and H3t from the testis (Figure 1 ). The loss of H3t B over 30 min (solvent A: 0.1% TFA; solvent B: 80% acetonitrile with 0.1% TFA). A flow rate of 300 nL/ min was used with a 100 µm × 12 cm silica capillary column in-house packed with InertSustainSwift C18 (3-µm particle size; GL sciences, Tokyo, Japan). MS was directed using Xcalibur software version 3.0.63 (Thermo-Fisher Scientific, Bremen, Germany). A nanoelectrospray (Thermo-Fisher Scientific, Bremen, Germany) was applied with a 1.9 kV spray voltage and a capillary temperature of 275°C. MS data were obtained in the range of 400-2,000 m/z with a resolution of 35,000 (at 400 m/z). Q-Exactive data were deconvoluted using software (Thermo-Fisher Scientific, Bremen, Germany). MS/MS analysis was performed by higher-energy collisional dissociation (HCD) fragmentation. Three or four precursor ions representing the most abundant charge states were targeted in HCD mode from MS spectra. Precursor ion mass spectra were collected in the range of 400-2,000 m/z with a resolution of 70,000 (at 400 m/z).
Results
Separation of histone variants by ion-pairing chromatography
Data analysis
Each histone variant fraction was identified by peptidemass fingerprinting (PMF) in advance (Supporting Information). The sequences of histone variants and their modifications were searched against a database (NCBInr) and another study for H3t (15) . Theoretical masses and MS/MS fragments were accomplished using the GPMAW 6.1 software (Lighthouse data, Odense, Denmark) and MS/MS spectra of TH2A, in the mouse testis was compensated by somatic histone H3 variants in the epididymis (Figure 1 and Table 1 ). Interestingly, H3.2 mainly showed the proportional offset as 79.1% in the epididymis, as compared to H3t deficiency from the mouse testis (Table 1) . In our results, we isolated H1t along with other H1 variants (H1.1, H1.2, and H1.4) from mouse testis. Additionally, H1.1 and H1t deficiency and increased levels of H1.4 were observed (Figure 1 ).
MS-based identification of intact histone variants
Separated intact histone variants from the mouse testis and epididymis were identified by a Q-Exactive mass spectrometer, followed by deconvolution of the data. Table 2 displays the list of somatic and testis-specific histones from the mouse testis. The observed masses of the intact histones were compared with their theoretical masses, which matched their known sequences and expected PTMs. Our results indicated that the deconvoluted masses of four testis-specific histones (H1t, TH2B, TH2A and H3t) were in agreement with their theoretical masses (~0.11 Da). Additionally, the monoisotopic masses of somatic histones from the mouse testis, such as, H2B variants (H2B1F, H2B1B, and H2B1C), H2A variants (H2A1, H2A2A, H2A3, H2A.X, and H2A.Z), H3 variants (H3.1, H3.2, and H3.3), and H4, were calculated with accuracy ( Table 2) .
We used a Q-Exactive mass spectrometer for the characterization of testis-specific histones (TH2A, TH2B andH3t) with each histone fragmented in HCD mode. Figure 2 shows an example of the TH2B characterization process. Larger masses observed in the MS spectrum were targeted as fragmentation sources. A total of 20 y and b ions associated with TH2B were generated in HCD mode, and these fragmented ions were matched in the MS/MS spectrum with the TH2B sequence. Similarly, the mapping of other testis-specific histones was conducted from the HCD fragmentation of precursor ions in the range of 400 m/z to 2,000 m/z. Peaks in the 736.11 m/z (z = 19) range for TH2A and 732.13 m/z (z = 21) for H3t were selected for fragmentation, with the y-and b-ion fragments corresponding to TH2A and H3t sequences ( Figure  3) . We also found fragments of H1t, which were in agreement with y ions associated with its C-terminal region (data not shown). Figure 4 shows PTMs of histones in the mouse testis. Histone PTMs were calculated by deconvolution according to the MS spectra and our results revealed specific PTMs (methylation, acetylation and Figure 3 . The mass spectra and sequences of TH2A and H3t. TH2A and H3t were characterized by HCD fragmentation. The sequences of histone variants were searched against the database (NCBInr) and another study (15) . phosphorylation) on somatic and testis-specific histones (Figure 4) . Here, we calculated changes in masses of ~13.96-14.01 Da for methylation from H2A1 and H4, ~27.98-27.99 Da for dimethylation from H1t and H4, ~41.93-41.97 for trimethylation or acetylation from H2B1F, TH2B, and H4, and ~79.92-79.97 Da for phosphorylation from H1t, H2A.X and H2A1 in the mouse testis (Figure 4 ). In addition, higher abundances of methylation were observed in H3 variants ( Figure  4) . 5 methylated H3.1 and H3.2 and 4 methylated H3.3 and H3t histones were detected as the most abundant monoisotopic masses by deconvolution and other methylations were also observed in H3 variants ( Figure  4) . The values of methylations of H3 variants were counted on the basis of their mass shifts from the most abundant masses. For example, the masses of -13.99 Da and +14.01 Da indicated trimethylation and 5 methlyation in H3t, respectively (Figure 4 ).
PTMs of testis-specific histone variants in mouse testis
Discussion
Various histone variants as well as their PTMs are related to chromatin remodeling during spermatogenesis (1) (2) (3) . To understand their structural patterns related to chromatin dynamics, an MS-based characterization process is required. Some studies have reported the MSbased characterization on individual histone variants (4, 6, 7) . However, it is difficult to find the comprehensive identification of intact histones in the mouse testis. Here, we separated histone variants from the mouse testis and conformed their replacement patterns in the epididymis. Each separated intact histone was identified using LC-MS/MS. Specifically, we conformed testis-specific histone's sequences by HCD fragmentation.
The separation of histone variants is an essential step for the structural research of histone proteins or their PTMs. We used HFBA as the ion-pairing reagent for histone separation in this study. Ion-pairing reagents play an important role in the RP-column separation of proteins and peptides in accordance with their hydrophobicity by causing interactions with protein side chains. Specifically, HFBA showed the best sensitivity and intensity in peptide-separation results when compared to other ionpairing reagents (13, 16) . We successfully separated each testis-specific histone in this study. Moreover, our results showed a better separation efficiency, as compared to our previous research when we used TFA as the ion-pairing reagent (4).
Testis-specific histones, H1t, TH2A, TH2B and H3t, are abundant in mammalian testes and they gradually decrease during the histone-to-protamine stage by chromatin remodeling (1-3) . The mouse epididymis is a tube connected to the testis where mature sperm is stored and transported (2) . In this study, it was used to compare the histone dynamics between the testis and epididymis in mice. We observed the expression of testis-specific histones in the mouse testis and they were undetected in the mouse epididymis. To trace the transformed testisspecific histones as somatic types is also important to understand histone dynamics during spermatogenesis. H1t is normally observed during spermatogenesis and somatic histone H1 variants are detected in H1t-deficient mice (2, 5, 17) . An increased concentration of somatic histone H2B was observed in TH2B knock-out mice during spermatogenesis in our previous research (4). Our results showed compensated signals in the epididymis, as compared to the loss of testis-specific histones. Specifically, H3.2 was proportionally offset against the H3t deficiency in the epididymis. Histone H3t is highly expressed during spermatogenesis and observed at lower concentrations in somatic cells (2, 3, 18) . However, the level of H3t was not observed in the mouse epididymis in this research. The relationship between H3t and other H3 variants in the testis has not been fully reported. Although further research concerning the compensatory nature of testis-specific histone expression is needed, our results indicating possible correlations between expression levels may provide unique and invaluable insight into the functional roles.
To characterize separated intact testis-specific histones, we used MS-based top-down analysis. Various histones including testis-specific histones and somatic histones coexist in the testis and some variants have similar sequences (1) . For example, H3t shows only three different amino acids in its sequence in comparison with the canonical H3 (15). The MS-based top-down approach is suitable for comprehensive characterization of intact histones because the proteins' sequences and their PTMs are conserved (8) (9) (10) (11) 19) . Previous research explored the use of proteomic analysis techniques and MS to identify the mass of TH2B (4,6,7); however, the results were not sufficiently comprehensive enough to verify MS-based characterization of testis-specific histones. In this study, we showed comprehensive analysis of histone variants in the mouse testis by the MS-based top-down approach. Additionally, we performed the characterization of testis-specific histones by sequencing using HCD fragmentation. HCD is similar to collision-induced dissociation (CID), and both fragmentation approaches are useful tools for identifying intact proteins with highly similar sequences. Moreover, HCD is more sensitive and allows for higher resolution of results relative to CID (8, 10) . Despite interest in functional and structural research of testis-specific histones, data associated with their MS-based characterization has been ambiguous. Our results presented successful sequence-based characterization of testis-specific histones from mice.
In this study, some PTMs on histone variants in the mouse testis were detected by MS-based topdown characterization. PTMs in male germ cells play a key role in biological activities related to chromatin remodeling, and can be found on histone proteins in the form of methylation, acetylation, phosphorylation, or ubiquitination (2, 3, 20) . In particular, various mass shifts were observed from the most abundant monoisotopic masses of the H3 variants. PTMs as +14 Da (monomethylation), +28 Da (dimethylation) and +42 Da (trimethylation or acetylation) are the general patterns on the N-terminal residues of histone H3 variants (21) . These PTMs were also detected on H3 variants, including H3t, in our data. Several approaches have been undertaken to understand the novel markers and functions associated with histone PTMs during spermatogenesis (22) (23) (24) . While further research to identify similar modifications (acetylation and trimethylation) and reduce variations between observed and theoretical values is still required, the data presented here provides valuable insight into MS-based characterizations of histone-specific PTMs.
In conclusion, we conducted MS-based top-down analysis to facilitate the comprehensive characterization of histone variants in the mouse testis. Histone variants were successfully separated on a reversed phase column with HFBA. Separated histone variants were characterized by an MS-based top-down approach. In this process, we found four testis-histone variants, H1t, TH2A, TH2B and H3t in the mouse testis when compared to the mouse epididymis and overexpressed H2B and H3 variants were detected in the epididymis. Specifically, approximately 80% of H3.2 was proportionally compensated in the epididymis, as compared to the decreased H3t from the testis. Moreover, our approach showed the masses of PTMs on the histone variant using deconvolution. These results provide information on histone variants in the mouse testis by comprehensive separation and characterization. Our work contributes to the structural and functional research of histone variants in mammalian testes.
